This work aims at studying the influence of structural parameters on computations of the 93 Nb quadrupolar interaction and chemical shift parameters in various niobates using first-principles approaches. We demonstrate that some of the computed NMR parameters, especially the isotropic chemical shift and the quadrupolar coupling constant, may differ either the X-ray crystal structure or a relaxed structure used for the calculation of the spectroscopic properties.
INTRODUCTION
Nuclear magnetic resonance (NMR) applied to a solid is a powerful and increasingly important technique for the characterization of a wide range of structural materials. The transition metal nuclei often exhibit very large chemical shift ranges that may extend to more than thousand parts per million (ppm). Therefore, this parameter becomes extremely sensitive to small changes in the environment of the probed nucleus. The nuclear quadrupole moment is a fundamental character associated with the nucleus related to the non-pure spherical distribution of the charge. The method measuring the quadrupole moment consists in studying the electrical hyperfine interaction energy between the quadrupole moment and the electric field gradient due to atomic electrons. Therefore, this parameter is also very sensitive to the environment of the probed nucleus. In particular, the covalency effects in the NMR parameters may be quite important [1] [2] [3] [4] [5] [6] .
The combination of several interactions often makes complex solid-state NMR spectra and it is frequently difficult to extract all the information from these measurements. First-principles calculations are often used to complement experimental investigations. Density functional theory (DFT) is currently one of the most used methods in quantum chemical calculations of the electronic structure of molecules and solids. More than thirty years ago, Blaha et al. developed a method for calculating electric field gradients (EFGs) in solids using the linearized augmented planar wave (LAPW) approach [7] . In 1994, P.E. Blöchl developed a new approach called the projector augmented wave (PAW) method which combines the versatility of the LAPW method with the formal simplicity of the traditional pseudopotential plane-wave approach [8] . This method allows the use of ultra-flexible pseudopotentials which are one of the crucial factors for saving CPU time. In 2001, C. Pickard and F. Mauri developed a method for calculating chemical shifts under periodic boundary conditions and the pseudopotential (PP) approximation [9] . This method has been used successfully to calculate the NMR shielding in various types of transition metal compounds [10] [11] [12] . Laskowski and Blaha developed another formalism to compute nuclear shielding tensors within the LAPW and APW+lo frameworks [13, 14] (APW+lo approach uses local orbitals for an improved convergence according to the number of PWs). Recently, a few applications of this formalism have demonstrated a qualitative result almost equivalent to that of GIPAW for various nuclei [13] [14] [15] .
93 Nb is a 9/2 spin nucleus with 100% natural abundance and a relatively large gyromagnetic ratio. [17] . Except for some structures, both computational investigations were carried out using X-ray crystallographic structures. Since some of us demonstrated that geometry optimizations of the crystal structures is a pre-requisite for accurately computed NMR parameters [18, 19] , we investigated the effect of the geometry optimization on the computed
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Nb NMR parameters of twelve crystal structures of niobates.
CONVENTIONS AND METHODS
Calculations give access to the shielding tensor expressed in the crystal frame. The three chemical shielding parameters σ iso , σ aniso , and η σ are calculated from the eigenvalues (σ xx , σ yy , σ zz ) using the following equations:
σ iso is calculated from the isotropic shielding using the relation defined by E. Papulovskiy et al. in [17] σ iso = 0.9774(-578.09 -σ iso ).
The EFG tensor is traceless, i.e., its eigenvalues (V xx , V yy , V zz ) obey V xx + V yy + V zz = 0. We used the following conventions for the quadrupolar coupling constant C Q and the asymmetric parameter η Q :
93 Nb NMR parameters were computed for both X-ray and relaxed crystal structures of eleven compounds. [31] . Full geometry optimizations (cell parameters and atomic positions) were performed with the CASTEP4.3 code [32] using the PBE functional [33] . The convergence parameters were set equal to 2×10 -5 eV for dE/ion (energy convergence parameter per ion), 20 meV for |F| max (force convergence parameter), 10 -3 for |dr| max (displacement convergence parameter), and 10 -1 GPa for S max (stress convergence parameter). Optimizations were performed using initial symmetry constraints automatically determined by CASTEP4.3. All calculations were checked for convergence with respect to the kinetic energy cut-off of the plane wave basis set (up to 800 eV) and the k-point grid used for integration over the Brillouin zone (BZ). PAW [8] and GIPAW [9] calculations were carried out with the CASTEP 4.3 code [32] using the same GGA functional [33] . A set of convergence test calculations with energy cut-off values ranging from 500 eV to 900 eV were performed with steps of about 200 eV. All calculations were proven to converge in EFG and CS values with a cut-off energy of 700 eV. An increase in the cut-off energy to 800 eV resulted in maximum variations of 0.01 MHz, 0.01 ppm, 1.00 ppm, 0.10 ppm, and 0.01 ppm for C Q , η Q , σ iso , σ aniso , and η σ , respectively. Different Monkhorst-Pack k-point grids for each compound were tested until convergence of the computed NMR parameters [34] . All USPP were generated using the OTF_ultra-soft PP generator included in CASTEP 4.3 [32] . Relativistic effects were taken into account for all elements using scalar relativistic PP.
APW+lo calculations were carried out using the WIEN2k code [35, 36] in the PBE GGA [33] for the following compounds: BiNbO 4 , La 3 NbO 7 , Mg 4 Nb 2 O 9 , and Sn 2 Nb 2 O 7 . X-ray and optimized crystal structures were both used to compute the NMR parameters of the quadrupolar interaction and the chemical shift. The optimized structures were relaxed using the CASTEP code. For all compounds, sphere sizes were determined automatically. A R min K max value of 7 was used. Convergence of calculations was checked for each crystallographic structure with a R min K max value of 8. All calculations were also converged towards the number of k-points used for the BZ integration.
RESULTS
The parameters computed for both X-ray and optimized crystal structures are reported in Table 1 . The results will be discussed in the three following sections: Nb-O distances, quadrupolar interaction and chemical shift parameters.
Nb-O bond distances. Averaged and standard deviations of X-ray and optimized structures are sketched in Fig. 1 . Further structural details are given in the Supporting Information section (Table S1 of Supplementary Materials). Four , the difference between the optimized and X-ray averaged Nb-O distances is smaller than 0.05 Å. It is noteworthy to mention that most optimized distances are larger than X-ray ones, which is consistent with the overestimation generally observed for DFT-PBE optimized crystal structures.The discrepancy with pyrochlores may arise from the nonstoichiometric character of these compounds, whereas the stoichiometric A 2 Nb 2 O 7 (A = Cd, Sn) formula has been considered for computations. Moreover, in the case of the cubic structure of Cd 2 Nb 2 O 7 , the difference between X-ray and DFT may come from the fact that this compound undergoes a transition to a lower symmetry than the room-temperature cubic structure [30] . Quadrupolar parameters. The
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Nb quadrupolar coupling constant and asymmetry parameters computed for X-ray and optimized structures using the CASTEP code are sketched in Fig. 2 . C Q of the relaxed structures is computed lower than that computed considering X-ray structures for LaNbO 4 , Sn 2 Nb 2 O 7 , and Cd 2 Nb 2 O 7 (t), whereas it is computed higher for CaNb 2 O 6 , BiNbO 4 , and La 3 NbO 7 . The values computed for the six remaining structures are almost identical whatever the way (diffraction or in silico studies) they were obtained. It is noteworthy to mention that the underestimation of C Q for LaNbO 4 , Sn 2 Nb 2 O 7 , and Cd 2 Nb 2 O 7 (t) can be due to large differences in Nb-O distances. In LaNbO 4 and tetragonal Cd 2 Nb 2 O 7 structures, the Nb-O standard deviations largely differ in the X-ray and optimized structures; in Sn 2 Nb 2 O 7 the optimized Nb-O distance is much shorter than the X-ray one. For CaNb 2 O 6 , BiNbO 4 , and La 3 NbO 7 , the lengthening of Nb-O Fig. 2 .
93 Nb quadrupolar interaction parameters computed for the X-ray and optimized structures of twelve structures: quadrupolar coupling constant C Q , MHz (a) and asymmetry parameter η Q (b).
distances upon optimization goes along with an overestimation of C Q . Larger deviations are generally computed for the asymmetry parameter compared to the quadrupolar coupling constant since the former is obtained from the three eigenvalues of the EFG tensor whereas the latter depends only on the largest eigenvalue of this tensor. The largest deviations between the X-ray and relaxed structures computed for η Q occur for La 3 NbO 7 , SnNb 2 O 6 , and CaNb 2 O 6 . For the other compounds, the difference is lower than 0.2. It is important to mention that 93 Nb quadrupolar parameters computed using WIEN2k are in a fairly good agreement with the one computed with the PAW approach embedded in the CASTEP code (Table 1) .
Chemical shift parameters.
93 Nb chemical shift parameters (δ iso , σ aniso , η σ ) computed using the GIPAW approach for the X-ray and optimized structures are sketched in Fig. 3 . Except for La 3 NbO 7 and YNbO 4 , relaxation of the geometry goes along with a decrease in the isotropic chemical shift. This was also observed by Papulovskiy et al. for several niobates [17] . The difference between both computed δ iso can reach 150 ppm in the case of Sn 2 Nb 2 O 7 . It is noteworthy to mention that the use of another approach than GIPAW to compute δ iso leads to similar results (Table 1) . Whatever the method, the effect of structure relaxation on the calculation of the isotropic chemical shielding is very significant. Such an influence has often been described in the literature [37] . On the contrary, the computed anisotropic chemical shieldings do not much depend on the crystal structures, except for La 3 NbO 7 and LaNbO 4 . For the latter, σ aniso is computed to be more than three times larger for the X-ray structures than for the relaxed one, whereas for La 3 NbO 7 it is computed as 150 ppm larger for the relaxed structure. In the case of Sn 2 Nb 2 O 7 , the large difference between the computed values certainly arises from the large difference of Nb-O bond distances in the X-ray and relaxed structures. It is interesting to mention that σ aniso computed using the CASTEP and WIEN2K codes are very close. Finally, the calculation of the asymmetry parameter of the chemical shielding leads to similar results from a qualitative point of view (except for La 3 NbO 7 ). However, differences between the computed values can reach 0.25 or larger (for La 3 NbO 7 ).
DISCUSSION
It is worth mentioning that all computed Table 2 . The correlation of the computed and measured isotropic chemical shifts is rather poor whatever the crystal structure is considered (X-ray or optimized) whereas the correlation is good for σ aniso and η σ . For δ iso and σ aniso , the computed parameters better fit the experiments on the X-ray crystal structure. On the contrary, the optimization of the crystal structures of niobates significantly improves the agreement between the computed and measured 93 Nb quadrupolar coupling constants whereas it weakens the agreement between the measured and computed values for the asymmetry parameter. It is interesting to note that 93 Nb NMR parameters computed in this work are in lower agreement with the experimental results, as compared to the results published by J. V. Hanna et al. [10] . However, this study is based on a slightly different set of niobates. In particular, alkaline perovskite systems were also considered as well as Bi 3 NbO 7 . Moreover, the version of the codes they used is different from the one used in this study. 
